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Structural insights into the effect of cholinium-
based ionic liquids on the critical micellization
temperature of aqueous triblock copolymers†

Imran Khan,a Reddicherla Umapathi,b Márcia C. Neves,a João A. P. Coutinhoa and
Pannuru Venkatesu*b

Symmetrical poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEG–PPG–PEG)

triblock copolymer with 82.5% PEG as the hydrophilic end blocks, and PPG as the hydrophobic middle block,

was chosen to study the effect of ionic liquids (ILs) on the critical micellization temperature (CMT) of block

copolymers in aqueous solution. In the present work, cholinium-based ILs were chosen to explore the effect

of the anions on the copolymer CMT using fluorescence spectroscopy, dynamic light scattering (DLS),

viscosity (Z), FT-IR spectroscopy, nuclear magnetic resonance (NMR), and direct visualization of the various

self-assembled nanostructures by scanning electron microscopy (SEM). The result suggests that ILs have the

ability to decrease the CMT of the aqueous copolymer solution which is dependent on the nature of the

anions of the ILs. The present study reveals that the hydrophobic part PPG of the copolymer has more

influence on this behavior than the PEG hydrophilic part.

Introduction

Pluronics F-108 is an ABA triblock copolymer of poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEG–PPG–PEG), which is a water soluble non-ionic surfactant
which can self-assembly into micelles above their critical
micelle concentration (CMC) or above their critical micellization
temperature (CMT) in aqueous solutions.1 These block copolymers
bear a hydrophobic block (PPG) in the middle and two hydrophilic
blocks (PEG) at both ends, as shown in Table 1. Because of the
difference in the hydrophobicity between PEG and PPG, the
conformation of Pluronics depends on the length of the PEG
and PPG blocks, as well as on the overall molecular weight. The
ability of these molecules to form self-assembling structures in
solvents is important and useful in many industrial applications.
They have widespread industrial applications in detergency,2

dispersion stabilization,3 foaming,4 emulsification,5,6 lubrication,7

formulation of cosmetics,8 rechargeable batteries,9 food packaging10

and inks.11 Along with these more general applications they can
also be found in pharmaceuticals (drug solubilization and
controlled release12 and burn wound covering13), bioprocessing
(protecting microorganisms against mechanical damage14),
delivery,15,16 separations,17,18 membranes,19,20 tissue engineering21

and catalysis.22

The process of self-assembly into micelles of an amphiphilic
polymer solution may be driven by changes in temperature,23,24

light,24 pH25 and ionic strength.26 As temperature increases, the
micelle volume decreases (and so does the aggregation number)
thereby yielding more (smaller) micelles which in turn decreases
the inter-micelle distance.27 Therefore the micelle aggregation
number decreases with increasing temperature which may be
attributed to many factors, including softening of the hydrogen
bonding of water molecules to the hydrophilic groups. Above a
certain temperature and concentration, the inter-micelle distance
becomes so close that the copolymers are packed to produce a
physically cross-linked hydrogel networking structure.28,29 The
micellization of block copolymers (PEG)m–(PPG)n–(PEG)m in
water is an endothermic process, driven by a differential decrease
in the hydrogen bonding of ethylene glycol (EG) and propylene glycol
(PG) segments with increasing temperature.30 The self-assembly may
also occur with addition of a third component such as electrolytes,31

non-electrolytes,32 hydrotropes,33 alcohols,34 surfactants,35

co-solvents36 and ionic liquids (ILs),37 and is attributed to the
difference in the temperature dependency of the solvation of the
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two blocks of the polymer. The addition of salts was found to have
a strong effect on the cloud point and the CMT of the triblock
copolymers which is often discussed in terms of the ‘‘salting in’’
and ‘‘salting out’’ effect and follows the Hofmeister series.

There are a number of studies on the effect of ionic salts
and others49,55,61–67 on various types of block copolymer, but
nonetheless, very few studies have been reported on the effects
of ILs on block copolymers. Vieira et al.38 studied the micellization
and adsorption of the triblock copolymer (PEO)23(PO)52(PEO)23

with sodium dodecyl sulfate (SDS), dodecyltrimethylammonium
bromide (DTAB), and tetraethylene glycol monooctyl ether (C8EO4)
where a synergistic interaction between the polymer and ionic
surfactants and a strong repulsive interaction with C8EO4 is
reported. Nambam and Philip35 studied PEO–PPO–PEO (Pluronics

F-108) with anionic SDS, cationic cetyltrimethylammonium bromide
(CTAB), and non-ionic nonylphenolethoxylate (NP9). They observed
that the addition of SDS to a Pluronics solution leads to a dramatic
reduction in the viscoelastic properties, while it remains almost
unaffected with CTAB and NP9.

Recently, there has been some reports on the self-assembly of
PB–PEO block copolymers in ILs39,40 and some low molar mass
surfactant micellization in ILs.41 However, there has been relatively
little attention paid to ILs as solvation media for polymer systems.
The cholinium-based ILs show excellent biocompatibility, bio-
degradability and low toxicity.42–44 They have been the basis for
the development of new techniques for biomolecule separation
and purification.45,46 Recent studies39,47–49 have reported the
self-assembly and the aggregation behavior of these copolymers
in ILs. Zheng et al.49 studied the influence of ILs on the aggregation

behavior of PEO–PPO–PEO block copolymers in aqueous solution
while Wang et al.50 studied the phase diagrams of two ILs, 1-butyl-3-
methylimidazolium hexafluorophosphate [Bmim][PF6] and 1-butyl-
3-methylimidazolium tetrafluoroborate [Bmim][BF4] in aqueous
solutions of oleyl polyoxyethylene(10)ether (Brij 97). There are
numerous studies of solvent effects on the CMT of block copolymers
available in the literature. However there is no previous study on the
effect of the anion variation of cholinium-based ILs on the CMT in
the open literature.

The purpose of this work is to study the mechanism of inter-
action between the IL and the PEG–PPG–PEG block copolymer and
to evaluate the use of the IL to control the properties of the
polymer micelles in various applications. The present study
reveals the influence of various anions of cholinium-based ILs
such as cholinium chloride, [Ch][Cl], cholinium acetate,
[Ch][Ac], cholinium bitartrate, [Ch][Bit] and cholinium dihydro-
gencitrate, [Ch][DHCit] on the CMT of aqueous triblock copolymer
solutions using fluorescence spectroscopy, dynamic light scattering
(DLS), viscosity (Z), FT-IR spectroscopy, and nuclear magnetic
resonance (NMR), and scanning electron microscopy (SEM) to
further achieve a direct visualization of the various self-assembled
nanostructures. The structures of the ILs are presented in Table 1.

Experimental
Materials

Pluronics F-108, pyrene and ILs were purchased from Sigma-
Aldrich Chemicals Co. and used without further purification.

Table 1 Structures of studied copolymer and ILs

Name and abbreviation Structure

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), PEG–PPG–PEG

Cholinium chloride, [Ch][Cl] Cl�

Cholinium acetate, [Ch][Ac]

Cholinium bitartrate, [Ch][Bit]

Cholinium dihydrogencitrate, [Ch][DHCit]
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The polymer molecular weight (Mn) is B14.6 kDa with a PEG
content of 82.5% ((PEG)133–(PPG)49–(PEG)133). Sample solutions
were prepared using high purity water with a resistivity of
18.3 MO cm which was obtained from a NANO pure water
system. All the sample solutions were prepared gravimetrically.

Sample preparation

Firstly the stock solutions of pyrene and aqueous Pluronics

F-108 were prepared. The concentration of pyrene was kept as
0.005 M and the final polymer concentration for all measurements
was 7 mg mL�1. Later, aliquots of these solutions were mixed to
prepare the sample solutions at the desired concentration of the
polymer. The weighed amounts of ILs at various concentrations
(5, 10 and 15 mg mL�1) were added directly to the aqueous
polymer solution. In fluorescence measurements the concentration
of the probe was kept at 6 � 10�7 M to avoid probe interference
in the measurements. Prior to the measurements, each sample
was filtered with 0.45 mm disposable filters (Millipore, Millex-GS)
through a syringe. All samples were prepared by weighing the
components using a Mettler Toledo balance with an accuracy
of �0.0001 g for all measurements.

Fluorescence intensity measurements

Fluorescence intensity measurements of pyrene in aqueous
Pluronics F-108 solution in the presence of ILs were carried
out using a Cary Eclipse fluorescence spectrophotometer (Varian
Optical Spectroscopy Instruments, Mulgrave, Victoria, Australia)
with an intense xenon flash lamp as the light source with a
wavelength accuracy of the instrument of �1.5 nm. All intensity
measurements were performed at an excitation wavelength (lex)
of 335 nm. Emission spectra were recorded with a slit width of
5/5 nm and a PMT voltage of 720 V. The scan speed was kept at
1200 nm min�1. A quartz cuvette (QC) containing the sample was
placed in a multi-cell holder, which is electro-thermally controlled at
a precise temperature by a Peltier. The temperature control of the
Peltier thermostated cell holders is extremely stable over time, with
a typical accuracy of �0.05 K. Prior to measuring each sample
solution was left for 30 min undisturbed at all temperatures to
attain thermodynamic equilibrium.

Hydrodynamic radius (Rh) measurements

The size (hydrodynamic radius, Rh) of aqueous Pluronics F-108
aggregates without and in the presence of ILs was measured using
dynamic light scattering by a Zetasizer Nano ZS90 (Malvern
Instruments Ltd, UK). The accuracy of the size measurement
varies from 0.3 nm (diameter) to 5 mm using 90 degree scattering
optics. It uses a 4 mW He–Ne laser, operating at a wavelength of
632.8 nm. Each sample was filtered with 0.45 mm disposable filters
(Millipore, Millex-GS) through a syringe before measurement. The
DLS instrument has an in-built thermostatic sample chamber with
an accuracy of �0.1 1C. This instrument measures the movement
of particles under Brownian motion and converts this motion into
size (Rh) using the Stokes–Einstein equation as follows:

Rh ¼
kT

6pZD
(1)

where k is Boltzmann’s constant, T is absolute temperature, Z is
viscosity, and D is the diffusion coefficient. All data reported were
determined using the Zetasizer software.

Viscosity measurements

The viscosities (Z) of Pluronics F-108 aqueous solutions in the
presence of ILs were measured using a sine wave vibro viscometer
(model SV-10, A&D Company Limited, Japan) with an uncertainty
of 1%. The Z of the sample solutions was collected in the wide
temperature range using a circulating temperature control water
bath (LAUDA alpha 6, Japan) with an accuracy of temperature of
�0.02 K. The sine wave vibro viscometer equipped with two gold
sensor plates measures the Z of the sample by detecting the driving
electric current necessary to resonate the two sensor plates at a
constant frequency of 30 Hz and an amplitude of less than 1 mm.
All Z measurements of the sample were collected at a heating rate
of 2 K h�1 after reaching the thermodynamic equilibrium. All of
the viscometer accessories were cleaned and dried before each
measurement.

FT-IR measurements

FT-IR spectra of the block copolymer/deuterium oxide (D2O)/ILs,
aqueous polymer–IL solutions were measured using an ABB
MB3000 FT-IR spectrometer equipped with PIKE MIRacle
and a single-reflection diamond/ZnSe crystal plate. The FT-IR
spectra were recorded with a resolution of 2 cm�1 and 100 scans
using a DTGS (deuteriotriglycine sulfate) detector. At least five
repeated measurements were performed for each sample.
D2O (99.90 wt%) was obtained from Euriso-top (France). The
deconvolution of the spectra was performed using second-
derivative spectra of the C–O–C (B1200–1000 cm�1) region as
peak position guides for the Gaussian curve-fitting analysis,
with all fit parameters having a 95% confidence interval. The
second-derivative and the curve fitting were done using PeakFit
v4.0 (AISN software).

1H NMR measurements

The 1H NMR spectra of the copolymer in the presence and
absence of ILs were obtained using a Bruker Avance 300
spectrometer operating at 300.13 MHz, with D2O as solvent
and TSP as the internal reference at 25 1C.

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis was carried out
using a FEG-SEM Hitachi S4100 microscope operating at 25 kV.
Besides the aqueous polymer solution, two other aqueous
polymer solutions containing IL ([Ch][Cl] and [Ch][DHCit]) were
chosen. The aqueous polymer concentration was 7 mg mL�1

and ILs were added to the aqueous polymer solution. The
polymer–IL solutions were immersed into liquid nitrogen for
10 min and then dried in a vacuum flask freeze dryer. For
morphological observation, the samples were coated with a
carbon thin film to prevent sample charging.
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Results and discussion

Here, we studied the temperature dependent behavior of the
Pluronics F-108 triblock copolymer of PEG–PPG–PEG to explore
the nature of the polymer–IL interaction. We used fluorescence
spectroscopy, DLS, viscosity, FT-IR spectroscopy, and NMR to
understand the molecular interaction mechanism between the
block copolymer and ILs.

Effect of IL on aqueous copolymer solution from fluorescence
studies

Fluorescence spectroscopy has been proven to be an extremely
useful technique in elucidating the structure and dynamics of
solutes and their solvation behavior in liquids. In the present
study pyrene is used as a fluorescence probe whose fluorescence
maxima at lmax = 374 and 385 nm, labelled as peaks I and III,
are sensitive to the local environment.

These emission peaks in the emission spectrum of pyrene
are known to be quite sensitive to changes in the micro-
environment and these peaks were mainly considered to dictate
the polarity variations by inclusion of ILs.51 The fluorescence
emission spectra of pyrene in PEG–PPG–PEG in the presence
and absence of IL at 25 1C are depicted in Fig. 1. As is evident
from Fig. 1, the aqueous copolymer solution in the absence of
IL exhibits a low intensity in the entire wavelength range,
indicating the absence of a hydrophobic environment felt by
the pyrene molecules. A remarkable enhancement of the emission
intensity of the spectra with the addition of IL in the aqueous
polymer solution indicates aggregation in the form of micelle-like
organized assemblies induced by the IL molecules. The process of
micellization here also indicates that pyrene molecules migrated
from the aqueous phase to the micelle core of PPG, where the pyrene
molecules found a hydrophobic environment. The significant
change in the intensity at the two sensitive wavelengths of
pyrene with the addition of IL indicates that the order of the
interaction with aqueous copolymer solution with IL varies with
the anion of the IL. The results in Fig. 1 indicate that the
micelle formation was caused by the ILs and the differences are

dependent on the anion of the ILs since they share a common
cation. To further understand the role of the anion of the
studied ILs in the hydrophobic collapse of the polymer we have
compared the emission intensities at two wavelengths (374 nm,
peak I and 385 nm, peak II) of the aqueous polymer in the
absence and presence of IL as depicted in Fig. S1 (ESI†).
Furthermore, we have also compared the emission intensities
with an increasing concentration of IL (5, 10 and 15 mg mL�1)
at a fixed polymer concentration (7 mg mL�1), in which the
intensities increase with the concentration of the IL as shown
in Fig. S1 (ESI†). The increase in emission intensity may be
attributed to the additional dehydration of the polymer which
in turn allowed the migration of the hydrophobic pyrene to the
core of the micelles. The additional dehydration of the polymer
may result from a balance between the interactions of polymer–
water, polymer–IL and IL–water as discussed by Coutinho and
coworkers for PEG + IL aqueous solutions.52 Addition of ILs in
the aqueous copolymer solution shows the increasing fluores-
cence emission intensity of the probe in the order [Ch][Cl] o
[Ch][Ac] o [Ch][Bit] o [Ch][DHCit].

To confirm the micellization trend, we further studied these
aqueous solutions using temperature dependent fluorescence
spectroscopy and the results are displayed in Fig. 2(a) for the
solutions of ILs. From Fig. 2(a) it was confirmed that the
micelle formation was absent in aqueous solutions of ILs, as

Fig. 1 Fluorescence emission spectra of pyrene in PEG–PPG–PEG aqueous
solution without (black line) and in the presence of (5 mg mL�1) ILs; [Ch][Cl]
(red line), [Ch][Ac] (green line), [Ch][Bit] (blue line), and [Ch][DHCit] (purple line)
at 25 1C.

Fig. 2 Temperature dependent fluorescence emission spectra of (a)
pyrene in aqueous solution with ILs, and (b) pyrene in PEG–PPG–PEG
aqueous solution without (black &) and in the presence of ILs (5 mg mL�1);
[Ch][Cl] (red J), [Ch][Ac] (green n), [Ch][Bit] (blue �), and [Ch][DHCit]
(pinkB) in the temperature range 30–45 1C.
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there is no onset in intensity profile in the experimental temperature
range from 25 to 50 1C, and thus the micelle formation must
result from the copolymer Pluronics F-108. The results for the
aqueous solutions of Pluronics F-108 in the presence of ILs are
shown in Fig. 2(b) as a function of the temperature. At lower
temperatures the PEG–PPG–PEG chains exist as unimers in a
dilute aqueous solution. When the solution temperature reaches
the CMT of the polymer, the chains aggregate into micelles with
the hydrophobic PPG blocks as the core and the hydrophilic PEG
blocks as the corona. When the temperature increases further the
PPG blocks become dehydrated, inducing the aggregation, and
this has been identified by the onset intensity of the fluorescence
spectra. In Fig. 2(b) a sharp enhancement in intensity is observed
at 39.9 1C in the absence of IL indicating the micelle formation
and this point was considered as the CMT.

The addition of IL at 5 mg mL�1 to this aqueous polymeric
solution gave a significant decrease in the CMT with [Ch][Cl]
(B38.5 1C), [Ch][Ac] (B37.5 1C), [Ch][Bit] (B36.5 1C) and
[Ch][DHCit] (B35.5 1C). The variation in the CMT with the
studied ILs being driven by the anion with this cation (cholinium)
is common, and is in good agreement with the results previously
reported by Pereira et al.53 for ABS formation in cholinium-based
ILs + PEG. In general, in aqueous IL solutions the water molecules
interact more strongly with anions than with the cation.54–57 The
effect of the anions upon the CMT, in this case, is known to follow
the Hofmeister series of anions, but in the systems studied here
this is not observed. Although the decrease in the CMT of the
copolymer depends on the strength of the interaction between
the IL anion and water, this tendency may be changed due
to prominent interactions between the copolymer–water and
copolymer–IL, that were shown by Pereira et al.53 to play an
important role in this process. The traditional vision of the
water structure forming or breaking by the Hofmeister series is
believed today to result from direct ion–macromolecule inter-
actions that are believed to be the predominant forces respon-
sible for the effect of the Hofmeister series.53,58 In some cases,
the Hofmeister series is reversed or partially reversed when
the ion concentration, surface charge or surface polarity are
altered.59 Although the anion [Bit]� interacts more strongly with
water than [DHCit]�, and therefore should decrease the CMT
value more, this was not observed here as the water–polymer
and IL–polymer interactions play a more important role in
shifting the CMT. The results by Pereira et al.53 also emphasized
that in ternary mixtures of aqueous polymer solutions with ILs
there is a complex hydrogen bonding competition between
all the compounds present in the system. The CMT values
were further decreased at higher concentrations of ILs (10 and
15 mg mL�1 of IL) as presented in the ESI,† Fig. S2.

Effect of ILs on aqueous copolymer solution from dynamic light
scattering

To further study the effect of the IL upon the CMT of the
copolymer, we have carried out dynamic light scattering (DLS)
measurements as a function of temperature. Fig. 3 presents the
variation in size of the particles in terms of the hydrodynamic
radius (Rh) of the copolymer aqueous solution in the absence

and presence of the different ILs at various temperatures. As
depicted in Fig. 3 the Rh value of the copolymer in the aqueous
solution and in the presence of the different ILs approximately
lies in the range 35–60 nm in the temperature range 30–39 1C.
Later there is a dramatic increase in the particle size above a
particular temperature which is recorded as the CMT, for which
the values are: aqueous polymer solution 39.9 1C; [Ch][Cl]
B38.5 1C; [Ch][Ac] B37.5 1C; [Ch][Bit] B36.5 1C; and
[Ch][DHCit] B35.5 1C. These values are in good agreement
with those previously obtained by fluorescence spectroscopic
measurements with the pyrene probe.

Above the CMT, for the aqueous copolymer in the presence
and absence of ILs, the Rh value of the micelles increases to
B225 nm. On the basis of the chemical structure of the
copolymer these micelles are expected to have a spherical
shape, with the PPG block in the micelle inner core and PEG
lying at the surface of the micelles. In aqueous solution the
copolymer becomes hydrated by surrounding water molecules
and it then co-exists as expanded unimers and, when the
concentration or temperature is large enough, micelles. On
addition of IL to the aqueous copolymer solution, it favours the
formation of micelles which leads to a decrease in the CMT.
The decrease in the CMT value with addition of IL in the
aqueous copolymer solution may be attributed to the further
dehydration of the copolymer in solution. The formation of
triblock copolymer micelles is a temperature dependent process
resulting in a dramatic decrease of the CMC upon a small

Fig. 3 (a) Hydrodynamic radius Rh of PEG–PPG–PEG aqueous solution
without (black &) and in the presence of ILs (5 mg mL�1), and (b) CMT
values of PEG–PPG–PEG aqueous solution as a function of anion concentration
of ILs; [Ch][Cl] (J, red line), [Ch][Ac] (n, green line), [Ch][Bit] (�, blue line), and
[Ch][DHCit] (B, pink line) in the temperature range 30–45 1C.
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increase in temperature. This happens because of the difference
in the temperature dependency of the solvation of the ethylene
glycol (EG) and propylene glycol (PG) blocks.

As shown in Fig. 3 the decrease in the CMT of the aqueous
polymer solution (39.9 1C) with the addition of IL follows the
sequence [Ch][Cl] 4 [Ch][Ac] 4 [Ch][Bit] 4 [Ch][DHCit] which
is in good agreement with the previous results. With the
increase in concentration of the IL the copolymer shifted its
CMT towards lower temperatures at the higher concentrations
of 10 and 15 mg mL�1 (ESI,† Fig. S3). A schematic diagram
(Fig. 4) is used to describe the behavior on the addition of water
to the copolymer and further addition of IL in the aqueous
copolymer solution. When the cholinium-based ILs are added
the F-108 aqueous solution, the cations of the IL are embedded
in the micelle core through the hydrophobic interaction
between the PG blocks and the ILs. This increases the stability
of the micelles, decreasing the CMT of the aqueous copolymer
solution.

Effect of IL on aqueous copolymer solution from viscosity
measurements

To further delve into the effect of temperature and ILs on the
copolymer in aqueous solution, viscosities were measured in
the range between 30 and 45 1C and the results are depicted in
Fig. 5. A slow and progressive decrease in viscosity with the
increase in temperature is observed up to a certain temperature
at which the copolymer solution changes from a unimers solution,
towards unimers + micelles, and finally to predominantly micelles.

It can be noticed in Fig. 5 that there is a sudden decrease in
the viscosity at a certain temperature which is identified as the
CMT. The viscosity of the aqueous copolymer solution decreases
gradually with increasing temperature, and later at 39.9 1C there
is a sudden decrease in the viscosity followed by a very slight
decrease at higher temperatures. This sudden break in the
viscosity is here attributed to the micelle formation. At lower
temperatures the copolymer aqueous solution, in the presence
and absence of ILs, is present as unimers and with an increase
in temperature above the CMT the micelle aggregates appear,
changing the rheology of the system. The CMT values for the

aqueous solution in the presence of the choline ILs, obtained
from the viscosity measurements, are [Ch][Cl] B38.5 1C, [Ch][Ac]
B37.5 1C, [Ch][Bit] B36.5 1C, and [Ch][DHCit] B35.5 1C, in very
good agreement to what was obtained by the other techniques
previously used. With the increase in the concentration of ILs the
copolymer CMT is shifted towards lower temperatures as shown in
the ESI,† Fig. S4.

Here we have an opportunity to compare the effects upon
the CMT of the anions [Cl]� and [Ac]� of cholinium-based ILs
with those previously reported by us for imidazolium-based
ILs60 which are depicted in Table 2. The comparison shows that
imidazolium-based ILs have a greater effect on decreasing the
CMT than that of cholinium-based ILs showing that the effect
upon the CMT is a combined effect of the cation and anion, and
not only from the anion as in the discussion above, as based
only on ILs using a common cation could suggest. In general
the more intense the salt–water interaction is, the more extensive
the dehydration of the copolymer (PPG block) is, leading to
micellization of the copolymer which in turn decreases the CMT
value. The results from the literature show that the inorganic salts
decrease continuously the CMT of the block copolymers, which is
related to the hydration of the salt ions.61 However, the same is not
true in the case of ILs, as is clear from the results. The cholinium
cation should be able to interact more strongly with water than
the aromatic imidazolium-based IL with the same anion, which
should lead to a larger decrease in the CMT, yet this is not
observed here. As discussed above based on the results of Pereira
et al.53 in the ternary system of the polymer, for water and IL it is

Fig. 4 Schematic diagram showing the micelle aggregate growth on
addition of water to the copolymer and on further addition of IL in the
aqueous copolymer solution.

Fig. 5 Temperature dependent viscosity measurements of PEG–PPG–PEG
aqueous solution without (black &) and in the presence of ILs (5 mg mL�1);
[Ch][Cl] (red J), [Ch][Ac] (green n), [Ch][Bit] (blue �), and [Ch][DHCit] (pink
B) in the temperature range 30–45 1C.

Table 2 Comparison of the CMT of PEG–PPG–PEG aqueous solution without
IL and with cholinium- and imidazolium-based ILs of anions [Cl]� and [Ac]�

CMT/1C

Without IL
With IL

Anion
Aqueous
copolymer Cholinium-based IL Imidazolium-based IL

[Cl]� 39.9 38.5 36.8 60

[Ac]� 39.9 37.5 34.6 60
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not only the water–IL interactions that are relevant but also the
interactions of copolymer–water and copolymer–IL, in particular
the latter, as has been also shown by Rai and Pandey.62 Recently
Zheng et al.49 showed that the ILs decrease the CMT of the PEO–
PPO–PEO block copolymers discontinuously suggesting that the
non-polar part of the ILs plays an important role in the inter-
action between ILs and the block copolymer. These results
prompt the need for a study with ILs and salts of a fixed anion
with various cations to evaluate the cation effect upon the CMT of
the aqueous polymer. The effect of the concentration of the IL
(10 and 15 mg mL�1) on the aqueous copolymer solution was
more prominent at higher IL concentrations which may be
attributed to the additional solubilization of the hydrophobic
portion in the core of the micelles.

Effect of ILs on the PEG and PPG block during micellization of
Pluronicss F-108 from infrared spectroscopy

FT-IR spectroscopy is an important tool for the study of the
interaction between polymers and ILs.63,64 The normalized
spectra in the C–O stretching regions of the copolymer aqueous
solution, in the absence and presence of the ILs (5 mg mL�1) at
room temperature, are depicted in Fig. 6(a) (for other concen-
trations see ESI,† Fig. S5). The band shape of the infrared
spectra at B1100 cm�1 are assigned to the C–O stretching
mode for the aliphatic ether. The effect of the ILs in shifting the

C–O band to a lower frequency follows the order [Ch][Cl] o
[Ch][Ac] o [Ch][Bit] o [Ch][DHCit] which is also the order of
micellization, supporting the idea discussed above about the
importance of the IL–copolymer interactions on these systems.
Zheng et al.49 studied the effect of imidazolium-based ILs on
the CMT of the block polymer using the FT-IR technique and
our result is consistent with these results, showing that ILs are
capable of decreasing the CMT. To examine the effect of
hydration of the PEG and PPG block on the ILs, the deconvolution
method was used to obtain independent information about the
PEG and PPG block in the C–O stretching region.

The broad band around 1080 cm�1 is assigned to the C–O–C
stretching band of Pluronics F-108.65,66 The C–O band shift to
the lower frequency, as depicted in Fig. 6(a), indicates the water
molecule binding to the block copolymer.

The band due to the C–O stretching mode for aliphatic
ethers, found to be in the region 1200 � 1000 cm�1,67 can be
divided into two components in the deconvoluted spectra. One
component, at B1080 cm�1, and the other, at B1100 cm�1, is
assigned as the C–O stretching vibration band of the PEG and
PPG block, respectively.66 From inspection of Fig. 6(b), it can
been seen that the frequency varies not only with the different
ILs but also on increasing their concentration. Fig. 6 shows the
variation in both frequency components but the 1100 cm�1

band exhibits a big change, while the 1080 cm�1 band shows
only a small change. The band around 1080 cm�1 is assigned to
the C–O stretching mode of the EG block, and the band around
1100 cm�1 to that of the PG block. The EG block is the hydrophilic
part of the block copolymer, while the PG block is the hydrophobic
part. The C–O stretching band of EG (B1080 cm�1) shifts to a
lower frequency when the water molecules bind to the block
copolymer while that of PG (B1100 cm�1) shifts to a higher
frequency, indicating a hydrophobic character. Fig. 6 also confirms
that the PG hydrophobic part has a greater influence on the
behavior change in aqueous IL solutions than the EG hydro-
philic part. This is consistent with previous results for the
copolymer68,69 and suggests that the PEG blocks undergo only
a small degree of dehydration by addition of IL to the aqueous
copolymer solution while the hydrophobic PPO blocks present
little interaction with water during the micellization process.

Effect of ILs on aqueous copolymer solution from NMR analysis

NMR is a useful technique to observe the change in the
environment during micellization. 1H NMR spectra for aqueous
Pluronics F-108, in the absence and presence of ILs, were taken
at room temperature. In the 1H NMR spectra, the line shape
changes, which is related to the aggregation behavior and
molecular environment of the triblock copolymer species which
can be visualized.70 The triplet at B1.16 ppm belongs to the
protons of the –CH3 groups, while the clearly visible hyperfine
structure between B3.60 and 3.42 ppm is due to the protons of
the methylene –CH2 units of PG. The methyl signal of PG is
shifted towards the lower frequency region with the addition of
IL to the aqueous copolymer solution. This change in the
chemical shift has been attributed to a conformational change
in the PG chain71 which reflects the IL-induced micellization.

Fig. 6 (a) Wavenumber shift of the C–O–C stretching vibration band of
the aqueous solution without and with IL (5 mg mL�1). (b) Wavenumber
shift of the frequency of the C–O stretching mode of PEG and PPG of
Pluronics F-108 in aqueous solution without and with IL (red line
5 mg mL�1, green line 10 mg mL�1, and blue line 15 mg mL�1). The solid
lines represent EG–H2O interaction and the dashed lines represent
PG–H2O interaction.
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And the multiplet between B4.10 and 4.00 ppm belongs to the
proton of the methylene from the EG unit that also displays
an upfield chemical shift. Various studies have revealed that
the formation of C–H� � �O hydrogen bonds will enhance the
unshielded effect of protons and lead to 1H downfield chemical
shifts.72 Therefore, it can be concluded that the upfield chemical
shifts of the C–H protons are related to the breakdown of the
intermolecular hydrogen bonds between the C–H proton and
water with the addition of ILs to the aqueous copolymer solution.
Therefore, the addition of ILs breaks the hydrogen bonds between
the water molecules, which causes the upfield chemical shifts of
the signal as shown in Fig. 7. The upfield shift (lower frequency)
on the addition of ILs in the aqueous copolymer solution follows
the order [Ch][Cl] o [Ch][Ac] o [Ch][Bit] o [Ch][DHCit] which is
the order of micellization. The upfield shift also increases with the
concentration of the ILs in the aqueous copolymer solution
(Fig. S6, ESI†).

Study of the effect of IL on the behavior of the aqueous
copolymer solution by SEM

The SEM images of the Pluronics F-108 aqueous solution with
the lowest ([Ch][Cl]) and highest ([Ch][DHCit]) micellization
inducer at concentrations of 10 mg mL�1 and 15 mg mL�1 are
shown in Fig. 8. There it can be seen that the addition of IL has
important effects on the Pluronics F-108 micelles. The aqueous
solution of the copolymer, without IL, depicted in Fig. 8(a), is
well hydrated, and with the addition of IL dehydration of the
copolymer takes place as seen in Fig. 8(b–e). On comparing
Fig. 8(a) (aqueous copolymer solution) with Fig. 8(b) (in the
presence of [Ch][Cl]), the aggregates become bigger, and the
size of the micelles increases, indicating the dehydration of
the copolymer. Also the aggregation and size of the micelles
increases from the aqueous copolymer solution in the presence
of [Ch][Cl] (Fig. 8(b)) to [Ch][DHCit] (Fig. 8(d)) at the same
concentration of IL (10 mg mL�1). The influence of the increasing
concentration of IL in the aqueous copolymer solution can also

be easily visualized in the figure. The aggregation and micelle size
increases, as well as their number, on increasing the concentration
of [Ch][Cl] from 10 mg mL�1 (Fig. 8(b)) to 15 mg mL�1 (Fig. 8(c))
and the same phenomenon can be visualized for [Ch][DHCit]
(10 mg mL�1) (Fig. 8(d)) to 15 mg mL�1 (Fig. 8(e)).

Conclusions

The influence of four cholinium-based ILs on the micellization
behavior of Pluronics F-108 in aqueous solution with tempera-
ture was studied by various techniques such as fluorescence

Fig. 7 1H NMR signals for PG (methyl), PG (methylene) and EG (methy-
lene) groups of the PEG–PPG–PEG aqueous solution without (black line)
and in the presence of ILs (5 mg mL�1); [Ch][Cl] (red line), [Ch][Ac] (green
line), [Ch][Bit] (blue line), and [Ch][DHCit] (pink line).

Fig. 8 SEM micrographs of (a) an aqueous solution of Pluronics F-108 without
ionic liquid, (b, c) in the presence of [Ch][Cl] at a concentration of 10 mg mL�1

and 15 mg mL�1, and (d, e) in the presence of [Ch][DHCit] at a concentration of
10 mg mL�1 and 15 mg mL�1, respectively. The circle followed by an arrow
represents the magnified SEM image of that particular area.
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spectroscopy, DLS, viscosity, FT-IR spectroscopy, NMR and
SEM. The results obtained by the various techniques are in
good agreement and show that the addition of the cholinium-
based ILs decreases the CMT of the Pluronics F-108 in aqueous
solution. This study shows that the ILs’ ability to decrease the
CMT of the aqueous copolymer solution is mainly dependent
on the nature of the anions of the ILs, and the anion effect
is more pronounced with the increasing concentration of IL.
However a comparison with previous results using other ILs
shows that both the cation and anion participate in the
micellization mechanism and contribute to the change of the
CMT, and that while the anion role is predominantly one of
interaction with the water and dehydration of the copolymer,
the cations and some anions also engage in direct interactions
with the polymer contributing to the observed effects upon the
CMT. The FT-IR study reveals that the hydrophobic part PG of
the copolymer has more influence on this behavior than the EG
hydrophilic part.
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